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4^ Abstract 
Oh 

We present a non-linear MSSM with non-standard Higgs sector and goldstino held. Non-linear super- 
symmetry for the goldstino couplings is described by the constrained chiral superheld and, as usual, the 
Standard Model sector is encompassed in suitable chiral and vector supermultiplets. Two models are 
presented. In the first model (non-linear MSSM3|), the second Higgs is replaced by a new supermultiplct 
of half-family with only a new generation of leptons (or quarks). In the second model, for anomaly cancel- 
^ lation purposes, the second Higgs is retained as a spectator superfield by imposing a discrete symmetry. 

Both models do not have a /x-problem as a /i-tcrm is forbidden by the discrete symmetry in the case of 
a spectator second Higgs or not existing at all in the case of a single Higgs. Moreover, the tree level 
relation between the Higgs mass and the hidden sector SUSY breaking scale vT is derived. Finally, we 
point out a relative suppression by mgo/t/A of the bottom and tau Yukawa couplings with respect to 
those of the top quark. 
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1 Introduction 



Since the invention of supersymmetry, the question of determing the supersymmetric theory that de- 
scribes the Standard Model (SM) interactions has been at the forefront of High Energy Physics. Strong 
evidence of a new particle found at LHC, the Higgs boson, has renewed interest, since, the mass of this 
particle and its couplings to the rest SM particles will reveal where new physics might be hidden [T]. 
Supersymmetric extensions of the SM, have, among others, the potential to stabilize the weak scale, to 
allow gauge coupling unification, to provide dark matter candidates and to dynamically explain the hier- 
archy of weak and Planck scale. In fact, it is difficult to imagine a candidate better than supersymmetry 
for the physics beyond the SM in the case of a fundamental Higgs particle. 

In the Minimal extension of the SM (MSSM), the Higgs sector is composed of a pair of multiplets 
Hu and Hd- It is by now a common belief that any supersymmetric extension of the Standard Model 
will necessarily include both Higgs fields. The reason is twofold: first two Higgs fields are required in 
order to give masses to up- and down quarks as holomorphicity of the superpotential does not allow 
appropriate Yukawa couplings for giving mass to both up- and down-type quarks by a single Higgs 
superfield. Second, simple anomaly arguments lead to an additional Higgs multiplet if quarks and leptons 
are organized in usual families. Therefore, either one considers exact supersymmetry with two Higgs 
multiplets, or, alternatively he gets rid of the down-type Higgs for example, at the cost of introducing 
hard supersymmetry breaking terms (arising basically from the non-holomorphicity of the superpotential) 
[2]. A difficulty with a chiral Higgs sector is that in the absence of Hd, the Higgsino is massless until 
electroweak symmetry breaking. Moreover, the cancellation of anomalies, previously canceled by Hd, 
requires the introduction of many new fields in various representations. These new fields should be chiral 
as well as heavy enough so that they do not mess low energy phenomenology. This is also the case in 
models with two Higgs fields and exact supersymmetry, where Hd is just a spectator with no vev and no 
coupling to fermions js]. Such models, although challenging from the model building point of view, have 
a variety of new fields, which are needed to be introduced in order to take over the role of Hd, making 
the models less appealing. 

When now gravity is taken into account, supersymmetry turns out to be a local symmetry with 
corresponding gauge field no other than the gravitino, a spin-| massless Majorana fermion |4i'5]. If 
supersymmetry is a fundamental symmetry of nature, it should be broken. In fact the spontaneous 
breaking of the M = 1 supersymmetry implies the existence of a pseudo-Goldstone fermion, the goldstino. 
The latter will serve as the longitudinal component of the gravitino when local SUSY is broken [6j. This 
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is the super-Higgs mechanism which gives mass to gravitino. In a linearly realized supersymmetry, the 
superpartner of the goldstino is a complex scalar, the sgoldstino. As it is not protected by any symmetry, 
it gets a mass. If this mass is much larger than an energy scale, it can be integrated out. In this case, 
the spin- 1 components of the gravitino are highly suppressed, and the phenomenological interesting part 
is the spin-^ jS-lO , namely the goldstino, which possesses non-linear supersymmetry 
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In the 



opposite case of a light sgoldstino, the latter should be included in the low-energy effective theory. 

There exist various formulations for goldstino couplings and non-linear supersymmetry. Among them, 
an interesting framework to discuss non-linear supersymmetry is the constrained superfield formalism 



25 . We will consider couplings of the non-linear goldstino sector to the MSSM with the use of higher 



dimensional superspace operators. In fact, these couplings of the goldstino to the MSSM have been 
computed by Antoniadis et. all in a series of papers [26p7] (see also [28| - |30| for higher dimensional effective 
operators in the MSSM). In the constrained superfield formulation we will employ here, we will assume 
that supersymmetry is spontaneously broken at a SUSY breaking scale \/y, which will be taken to be 
at the multi-TeV region. Then at energy scales above vT) we have MSSM and the goldstino superfield. 
At lower scales below SUSY breaking scale ^/J but above rrigoft we have again MSSM but the goldstino 
now is non- linear (in the sense that supersymmetry transformations on goldstino are non- linear). Then 
at low energies below rrisoft only the goldstino fermion couples to SM fields. Here, we will discuss energy 
regions around nisoft and below \/f where supersymmetry is non-linearly realized on the goldstino mode. 
We will see how the latter can be implemented such that to reduce the Higgs sector in non-linear MSSM. 

As far as the mass generating mechanism for quarks (and appropriately for leptons) is concerned, the 
Yukawa couplings of Hd 
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SedQ ■ Hd (1.1) 



are not available any more. In the models we will present here, mass generation is achieved by employing 
the constrained superfield X and the single Higgs Hu through the interaction 

j d^d^XHue^'Qd. (1.2) 

The above coupling emerges from the coupling of the MSSM fields to the goldstino superfield (suppressed 
by the cutoff A) and originates from the replacement of the spurion Y — )• (nisoft/ f)X , where Y is the 
spurion Y = O'^nisoft and rusoft is a generic soft mass. For more details on this one may consult ^sj. In 
particular, we will present consistent non-linear supersymmetric extensions to the SM that involve: 

• A single Higgs field Hu where the second Higgs Hd has been replaced by a half family, and 
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• A standard Higgs Hu where the second Higgs Hc[ has been turned into a spectator. 

We note that m these SUSY extensions of the SM there is no /^-problem due to symmetries or to the 
spectrum of the theory. 

2 Non-Linear MSSM 

By couphng the non-hnear constrained superfield X to the MSSM |25], we get the "non-Hnear MSSM", 
details of which has been worked out in [26] . Here we wiU briefly recall its basic features. The chiral 
superfields spectrum of (the two-Higgs) non-linear MSSM is summarized in the following table 





spin 


spin 1/2 




SUi2)L, U{1)y 


Q (x3) 




[uL^di) 


3, 


2, 1/3 


u (x3) 




UL 


3, 


1, -4/3 


d (x3) 


dh 


dL 


3, 


1, 2/3 


L (x3) 


{i>eL,eL) 




1, 


2, -1 


e (x3) 






1, 


1, 2 


Hu 






1, 


2, 1 


Hd 






1, 


2, -1 


X 





G 


1, 


1, 



Table 1: MSSM chiral superfields spectrum 
The theory is described by the superspace Lagrangiarj^ 

£ = Co + Cg (2.1) 

where 

^0 = £k + £yu + ^Yd + (2-2) 
is the MSSM superspace Lagrangian and 

= + Cs + Ctu + Ctd + (2.3) 

describes collectively all the dynamics of the constrained superfield X. Note that C„ contains higher 



dimensional operators and hence it is defined with a cut off 25,261. The Lagrangian (2.2) contains the 



^Our superspace conventions are those of Wess and Bagger 31 . 
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kinematic terms Lk , Yukawa couplings £y„ , £v, as well as the fi- and B-terms £„ and C b , respectively. 



In particular we have, in standard notation, the superspace form 32 , 33 



Ck = ^ f d^e^e^^ + I d^OHde^Hd + j d^OH^e^H^ + | ^ / d^OTiW^Wa + h.c. I (2.4) 

$ Igauge 9 1^ J J 

where ^> = Qi,Ui, di, Li,ei, denotes collectively the usual quark and lepton chiral superfields with i = 1, ...3 
enumerating the three families. In the gauge sector, the sum is over the gauge group of the SM while k 
is a constant to cancel the trace factor. The Yukawa couplings are described in superspace as 

Cyu = J d^Oyi^u^Qj ■ Hu + h.c. (2.5) 

and 

Cvd = j d^^[- y^d^Qj • Hd - y'Je^Lj ■ + h.c. (2.6) 

where y's , {s = e,u,d) are the Yukawa matrices of the SM. The dot symbol above refers to the SU(2) 
invariant product of two doublets Finally, the last term of Cq is the //-term, which describes a pure 
interaction between the two Higgses 

£^ = /i / d^OHu ■ Hd + h.c. (2.7) 



Note that £^ involves the new parameter which does not have an analog in SM theory and no obvious 
origin. This term always appears even if it excluded at tree level as it will emerge through quantum 
corrections, except if a symmetry forbids it. 

The constrained superfield (goldstino) Lagrangian has also various contributions. The first contribution 
Cg has the usual form [25] 

Cx = j d^dXX + I y" d^efX + h.c. I (2.8) 
with \/f the hidden sector SUSY breaking scale. The superfield X satisfies the constraint 

= 0, (2.9) 
and more on this can be found in the appendix. Soft masses are produced by the following Lagrangian [26| 
Cs = I dHxx[cH^Hue^Hu + CH,Hde^Hd)+Y,(^^ I d^'eXX^e^^ 

- fEl^^/^'^^Triy"^. + /..c.) (2.10) 

\gauge ^ J J J 



^For example, if A and B are two SU{2) doublets, A - B = e^^AiBj 



where 



mir 

CH^, = 7^ , C$ = (2.11) 



Moreover, the triple scalar coupling terms are given below in superspace form (26lp 

A. = y j (feXuiQj ■ Hu + h.c. (2.12) 

and 

Ad = -y j cfeXdiQj -Hd-j- J SeXeiLj ■ Ha + h.c. (2.13) 

The dimensionfull constants , , ai are usually taken to be 

4 = AolM, o^ = Aoy^, oj^=A,y^ (2.14) 

where Aq is a mass parameter. The final contribution to Cg is the B-term 

^B = jj SeXHu ■ Hd + h.c. (2.15) 

We may proceed by integrating out the auxiliary fields, and in particular the auxiliary field of the 
constrained superfield X , which we will call it F. The resulting theory is the non-linear MSSM. Of course, 
to solve the equations of motion for F, an expansion in powers of the hidden sector SUSY breaking scale 
/ is needed. The full Higgs potential then reads ^26j 

V = f + {\fi\+ml)\Huf + {\fi\+ml)\Hd\^ + {BHu-Hd + h.c.) (2.16) 

One exceptional property of any supersymmetric extension of the SM is that it can actually be used 
to make predictions for the Higgs mass. Given Mw, due to supersymmetry, the otherwise free Higgs 
self-coupling A is now related to the U{1) and SU{2) couplings gi,g2 by the relation A ~ + (/^ as can 



be seen from (2.16). Note that the Yukawa couplings in this theory are the same as in the MSSM 

^Yukawa — Vu'^Li^^Ljai d^jct) ( ^+ ) 

+ yddLiiuLja,dLja) ) 

+ yl'eWeLja,eLja)(^^^o^+h.c. (2.17) 
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3 Non-Linear MSSM3| 

Let us recall at this point the two basic reasons for which a second Higgs field is needed in MSSM and 
in fact in most (if not all) of the supersymmetric extensions of the SM: 

1. A second Higgs is needed to cancel the gauge anomaly introduced by a single Higgs supermultiplet. 

2. Due to the holomorphicity of the superpotential, a second Higgs is necessary in order to write down 
Yukawa couplings and give masses to those fermions the first Higgs cannot. 

Therefore, a theory with a single Higgs should be anomaly free and give masses to fermions. Mass 
generation by Yukawa couplings is crucial but before discussing this issue, we should make sure that the 
theory with a single Higgs makes sense, i.e., it is anomaly free. Therefore, the chiral spectrum should 
be such so there is no gauge anomaly. Anomaly cancellation can be achieved with an additional new 
"half- family " and deviate from standard MSSM. The resulting MSSM3| deviations we will present here 
are presented in the following table 



Higgs Multiplet: 


Replaced with: 


Hu 


Q, M, J, S (or) 


L, e, S 


or 




Q, u, d, S (or) 


L, e, S 



Table 2: Possible Higgs superfields replacements 

where S" is a superfield that has the quantum numbers of e but no lepton number and it is necessary for 
anomaly cancellation. Here we will focus on the last possibility in the above table and replace by a 
leptonic generation and S. We can equally adopt a half-family with only a quark generation, at least at 
the theoretical level, which, nevertheless will lead to different phenomenology. 

The number of families is constrained by precision electroweak data [35]. Direct searches by CDF and DO 
set strong limits rrif > 335GeV |36| and rrih' > 385GeV at the 95% confidence level for a fourth generation 
of new t', y quarks. LHC also puts more severe constraints in direct searches for extra quarks like short- 
lived y quarks in the signature of trileptons and same-sign dileptons. CMS for example has ruled out 
my < GllGeV at 95% confidence level by assuming exclusive decay of 6' — )■ tW |37]. Similarly, no 
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excess over the SM expectations has been observed in CMS search for pair production of top-like quarks 
t' , excluding a fourth generation t' quark with a mass m^' < 557GeV |38|. Also for pair production of 
a bottom- like new quark b' , ATLAS collaboration reported the exclusion at 95% confidence level of b' 
quarks with mass nib/ < 400GeV decaying via the channel b' ^ Z -\-b j39j . 

Extra quarks and leptons are also severely constrained by Higgs production at LHC. For example, the 
dominant source of Higgs production is a single Higgs produced by gluon fusion through a heavy quark 
loop. The gg ^ h production cross section cr{gg — t- h) is proportional to the Higgs to gluon decay width 
r(/i — )• gg) which is dominated by heavy quarks with the largest Yukawa couplings. This decay width is 



for example increased by a factor of 5 to 6 relative to SM in fourth generation models 41 , 42 



As far as a fourth generation of leptons is concerned, the LEP reported the lower bound for new heavy 
charged lepton r', m^/ > lOOGeV |43j. Similarly, the Z invisible width and the assumption of Dirac 
masses, set m,j' > mz/2 for new heavy stable neutrinos [40] . On the other hand, if such new neutral 
leptons are lighter than half the Higgs boson mass, a new invisible channel H ^ u'u' is open up increasing 
the total Higgs width and overtakes the H ^ ff rates for example with a significant branching ratio in 
the low mass region. 

Returning to our model, the chiral superfields spectrum is 



spinO spin 1/2 SU{3)c, SU{2)l, U{1)y 

Q (x3) {uL,dL) {uL,dL) 3, 2, 1/3 

u (x3) Ul ul 3, 1, -4/3 

d {x3) h d-L 3, 1, 2/3 

L (x4) {VeL.eL) {yeL,eL) 1,2,-1 

e (x4) CL 1, 1, 2 

Hu m,H^) m,H^) 1, 2, 1 

S s I 1, 1, -2 

X (f) G 1, 1, 

Table 3: Single Higgs Non-Linear MSSM3| 
Even if the theory is anomaly free, we are still facing the problem of how to give masses to quarks and 
leptons while maintaining SUSY as the second Higgs is missing. For this reason, we may introduce 



higher dimensional operators to replace the Yukawa couplings (2.6). The Lagrangian that will replace 



Cyd in (2.6) is 



.r^D'D'x{y^Hue''Qjd, + y'/H^e''Ljej) + h.c. (3.1) 



where now I, J = 1, ...4 run over the fourth lepton generation. We recall again that the factor nisoft/f 
emerges by the replacement of the spurion Y = O'^rrisoft by {rrisoft/ f)X as we have pointed out already 



in the introduction |25|. In component form \2>.\\ turns out to be 



m 



soft ij 



/A 



"Lj 



Lj 



d-Li 



F, 



/A 



F{Hi, Hi) eua - F{Ht. H^) 



VeLJ 
e-LJ 



F 



eLl 



F 



Fe,J 



CLI > + h.c. 



(3.2) 



where we recall that F is the auxiliary field of the goldstino superfield. In the above equation (3.2) we 



have kept only the terms with no goldstino couplings. In the appendix, the higher dimensional operator 
that serves as a building block for the full Lagrangian is given in terms of the goldstino and its lowest 
component (j), which is integrated out to obtain the non-linear supersymmetric Lagrangian. In this 



framework a natural explanation of the scale / is proposed and our non-renormalizable operators (3.1 ) fit 



well to the general picture 125-27 . The Higgs triple scalar couplings Lagrangian to replace Ctd in (2.13) 
is, in superspace form 



m 



td' 



f 



/ d^9(f9XX \^ai^Hue^Qjdi + ai'^Hue^Ljei^ +h.c. 



m 



16/2 A2 

After performing the superspace integration we get 

,2 



soft j^2^2xx ^a^jSue^Qjdi + ai^Hue^Ljei 



+ h.c. 



(3.3) 



i^td' 



m 



soft 



FFla'liHt^H^) 



ULj 



VeLJ 



where goldstino couplings have been ignored. Then, it is clear that the replacements 

^Yd — ^ ^Yd' 
^td — > C-td' 



eu > + h.c. 



(3.4) 



(3.5) 



in (2.2) and (2.3) respectively give rise to (non- linear) MSSM with only one Higgs (the Hu). 

We may proceed further and integrate out the auxiliary sector of the goldstino superfield. This will 

uncover the on-shell Lagrangian with Yukawa and triple scalar couplings. Since in this work we are only 
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interested in the standard model sector, we will not write down any goldstino couplings when solving 
the equations of motion of the auxiliary fields. This greatly simplifies the results without spoiling the 
final answer. Nevertheless it is important to study the implications of these new terms that include the 



goldstino as well, but this is left for future work. The relevant terms in our total Lagrangian (2.1) are 
therefore 



= lFF + fF+^CH^FF\H^\^ + ^Y.CiFF\^i\'' 

i 

+ yi'HH^, Hi) ( "1^^ ) -eu. - ^ yi'mt, Hi) ( f^'^ ) 



- ^ FFam.Hl) ( ) 4. - ^ FFai\Ht, Si) ( ) Bu 

+ +E^^^' + ^-^- (3-6) 

where by we denote the lowest components of the various chiral superfields (the sparticles in our case). 
Assuming that / is large, we may use the expansion 

^. 1 I ^Hu \TT |2 I '^li\^\2 I ^loft ij,fr+ frOsf ^Lj \ 1 ^'joft rj(fr+ fVOx f ^eLJ \ ^ 

+ + j2j2(^diHu,HJ \^ j dLi + j2j2a^ {H^,HJ\^ j eu- 



in order to eliminate F from (3.6) so that 



^ p2 ^2 \TT \2 ^ ^2 \2 



-CF,on-shell — " l^f - -jJ^Hj\Hu\ - -j^^^^^A 

- ^ vm.Hl) ( ) d,.. + ^ .^■(^+, ( ) F,^. 

+ "f^ ?/^^(^«^ ( ) 4. + yi\Ht.Hl) ( ) I.. 



soft ,i3ffj+ fTO\ "-l^J \1 sojt IJ ifj+ fTO\ '^eLJ \g 



- ^-mxX + h.c. + 0{^). (3.7) 
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Note that the larger the SUSY breaking scale the better the approximation. For a smaller SUSY breaking 
scale one has to include higher orders in the j expansion, which leads to new interesting results as in the 
two-Higgs scenario |26]. 



Therefore, the Yukawa couplings in our theory (2.1) with the replacements (3.5) are 

^Yukawa ~ Vu ^Lii^Ljai dj^ja) ( ) 

- ^yfW,^°)("|;)e-L/„ + /^.c. (3.8) 

Let us note that an interesting hierarchy has emerged. Namely, assuming the same order for yu , y^J , 
we see that the effective Yukawa couplings for the bottom and tau are suppressed by a factor mso/t/A. 
Thus, the bottom quark and r lepton masses nib and rrir, respectively, should be of the same order and 
suppressed by nisoft/-^ with respect to the top quark mass mt 

^soft /„ ri\ 

nib ~ "It ~ — A~"^* v"^-^/ 

This is indeed the case for a cutoff A of the order A ~ 100 rrisoft- With A ~ ^/f we get that a// ~ lOOmgoft, 
whereas a cutoff A ~ f /rrisoft gives rise to the vT ~ wiso/t estimat^ 
The Higgs potential is given by 



V = f + ml\HX + j-^rnt\HX + '-^^\Hu\' + 0{j-^). (3.10) 



Radiative corrections to the Higgs potential are expected to drive the quadratic term negative and trigger 
electroweak symmetry breaking. Moreover, this effect is strengthened by the extra Yukawa coupling due 
to the new half-family. The explicit calculation of the 1-loop effective potential can place strong upper 
and lower bounds to the new leptonic family mass. The tree level prediction for the Higgs mass however 
is 



ML =M'z + + 0(-^) (3.11) 



Thus, as / — 7- oo we have Mh^ Mz- Therefore, for very large SUSY breaking scale y/f, the Higgs mass 
saturates the MSSM inequality Mh^ < Mz- This saturation within MSSM corresponds to large tan/3. 



^We would like to thank E. Dudas and P. Tziveloglou for pointing this out. 
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By adjusting -y/J) we may increase the tree- level Higgs mass so that quantum corrections may shift it to 
the measured value of around 126.5GeV. We plot below the dependence of the tree level Higgs mass to 
the supersymmetry breaking scale v7) for the single Higgs models. 




600 700 800 900 1000 1100 1200 1300 1400 

SUSY breaking scale (GeV) 



Figure 1: The dependence of the Higgs mass (Mh^) on the hidden sector SUSY breaking scale 
a/7, with the Higgs soft mass as a parameter. 



4 Spectator 



As we have seen, Yukawa couplings of can be replaced by the higher dimensional operators of the 



form (3.1) with the help of the constrained superfield X. Therefore, we can keep in the spectrum 



just to cancel the anomalies but use (3.1) to generate fermion masses. This is possible as long as we can 



avoid couplings of Hd to matter. This can be achieved by imposing a Z2 symmetry. This symmetry will 



forbid interactions like (2.7) and (2.15). At the same time standard MSSM Yukawa couplings (2.5) of 



Hd will not be allowed as well, again due to the same Z2 symmetry. Of course this is different from the 
case of wrong Higgs couplings of the MSSM where SUSY is hardly broken [34!|. The chiral superfields 
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spectrum and its Z2 assignment is 



spinO spin 1/2 SU{3)c, SU{2)l, U{1)y ^2 



Q (x3) {uL^di) {uL,dL) 

U (X3) UL UL 

d{x3) dL dL 

L (x3) {VeL,eL) {VeL^ei) 

e (x3) eh 

X 6 G 



3, 2, 1/3 

3, 1, -4/3 

3, 1, 2/3 

1, 2, -1 

1, 1, 2 

1, 2, 1 

1, 2, -1 

1, 1, 



+1 
+1 
+1 
+1 
+1 
+1 
-1 
+1 



Table 4: Single-Higgs MSSM with a second spectator Higgs 
We see that we keep here the second Higgs just for anomaly canceUation reasons and we have excluded 
any couplings to the MSSM, by imposing a Z2 symmetry. In other words, is just a spectator and 



only Hu has Yukawa and triple scalar couplings. The Lagrangian that will take the place of Cyd in (2.6) 
is then 



m 



soft 



/A 



d^ed^eX[yjHue''Qjdi + y'J Hue'' LjCi) + h.c. 



16/ A 

which in component form turns out to be 



msoft D^D2x(y^jHue''Qjdi + yl^ue'' L,e, 



Yd" 



rrisoft 
/A 



y'U F{H:,HI) 



+ h.c. 



ULj 



/A 



^{Hu:Hu 

p(.h^,hI^ 



dii 



eLj 



nHz.Hi) 



VeLj 



F{H+,H^u) 



F, 



eL3 



lu \ + h.c. 



(4.1) 



(4.2) 



In the above equation (4.2) we have kept only the terms with no goldstino couplings. The one-Higgs 



triple scalar couplings Lagrangian to replace Ltd in (2.13) is, in superspace form 

,2 



m 



td" 



soft 



J2A2 



d^ed^eXX \a'iHue^Qjdi + ai^Hue^LjCi^ + h.c. 



m 



soft 



16/2 A2 



D^D^XX ^^a^HuC^Qjd, + ai^HuC^LjCi^ 



+ h.c. 



(4.3) 
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After performing the superspace integration we get 

,2 



where we have ignored any goldstino couphngs. Then, it is clear that the replacements 



(4.4) 



C^td ^td" (4.5) 



in (2.2) give rise to (non-linear) MSSM with only one Higgs (the Hu)- For completeness, the Higgs 



potential of this theory is again 



V = f + rnl\H^\' + j^mt\HX + ^-^^\HX + Oij^) (4.6) 



while the Yukawa couplings are 

''■Yukawa Uu ^Li c 



A 



«(^+,^°)( '^l^- )e-i.„ + /^.c. (4.7) 



Note also that the Z2 symmetry does not allow /x- and S-terms. 

5 Conclusions 

The main purpose of this work was to show that in the non-linear MSSM framework, a one Higgs doublet 
is possible and equally motivating with the two-Higgs scenario. In fact, even when dealing with a two- 
Higgs MSSM, unavoidably, non-linear goldstino dynamics should be considered as a possibility for the 
physics beyond MSSM. In this context, higher dimensional operators are introduced in order to study 
the consequences of the non-linearities of the underlying theory. However, higher dimensional operators 
is what is needed for a single Higgs MSSM. In this sense, a single Higgs MSSM is quite interesting, 
as it turns out that it is intrinsically connected to the underlying supergravity theory, as it cannot be 
constructed without the use of the higher dimensional operators. 

In this approach, we have constructed two consistent supersymmetric extensions of the SM where only 
one scalar field is required to have a non-trivial vacuum expectation value. The energy regime of both 
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models is comparable or above the soft masses. In the first model, the second Higgs superfield is com- 
pletely missing from the MSSM spectrum and a new leptonic generation has taken its place for anomaly 
cancellation purposes. This introduction of a new leptonic generation would have significant effects in 
the Higgs production rates and eventually will change the SM expectations. In the second model, the 
second Higgs superfield of the MSSM is turned into a spectator. In both cases, mass generation can be 
implemented by the use of Hu and the constrained superfield X. It should be noted that in both cases 
the fj, problem of the MSSM does not exist, in the first model by construction (as there is no H^) and in 
the second case by the employment of a discrete symmetry. 

Thus, one can have a non-linear MSSM where there is only one field with the "Higgs" property (i.e., 
of getting a vacuum expectation value). The constrained superfield framework we used, especially the 
goldstino, which should be interpreted as the surviving longitudinal low energy component of the grav- 
itino, gives an insight to the connection of the more fundamental supergravity theory with the low 
energy phenomenology. We stress again that, it is in this sense that the supersymmetric single-Higgs 
Yukawa couplings are fundamentally connected to the low energy limit of supergravity, rather than being 
completely unattached to this underlying theory. 

We would like to make a final comment in the case of a half quark generation. Electroweak symmetry 
breaking in the single Higgs non-linear MSSM should happen again radiatively. Quantum corrections 
drive the initially positive soft mass of the Higgs field to negative values near the electroweak scale and 
thus triggers symmetry breaking. This happens due to the large Yukawa couplings of the Higgs field 
to matter, especially the heavy quarks. It will be the new generation heavy quarks that will dominate 
radiative corrections and will make this effect quite stronger. 
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A Constrained Superfield 

The constrained superfield (goldstino) Lagrangian has the usual form [25] 

Cx = j (fexx + (fefx + /i.e.} 

with / the hidden sector SUSY breaking scale. The superfield X satisfies the constraint 



(A.l) 



= 



(A.2) 



This constraint gives a relation among the component fields allowing to integrate out the sgoldstino in 
terms of the goldstino and the auxiliary field -F, as 



GG 
2F 



so that the component Lagrangian is written as 



Cx = id.GaG + FF+ ^d' i^—j + 
The equations of motion for the auxiliary field F (and F) read 



F + f 



[fF + h.c.]. 



F + f 





fG^ 


V2F 


2F^ 


fG^ 


K 2F 



0, 




which are solved by 



F 
F 



G_ 
4/4 

G_ 
4/4 



-/ ( 1 + ir.d'G' 



-/ ( 1 + ijid'G^ 



I6f 



M^G^d^G^d^G^ 



I6f 



Inserting (A.6) back into (A.4) the on-shell Lagrangian 
jOx = -f + id^GaG + ^G^d^G^ 



16/ 



G^G'^d'^G^d'^G^. 



(A.3) 



(A.4) 



(A.5) 



(A.6) 



(A.7) 



is recovered. Note that (A.7) is equivalent to the well known Akulov-Volkov Lagrangian 11 . 
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B Higher Dimensional Operators 



We present the higher dimensional operators that serve as the building block for the component form of 



the Lagrangians (3.1) and (3.3). The component Lagrangian for the Yukawa couplings is 

Cy = f d^ed^exHe^'Qd 



dL 



/A 



2 
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where the gauge vector V°, the gaugino spinor A" and the auxihary scalar D of the gauge vector multiplet 
are Lie algebra valued. The component Lagrangian for the triple scalar couplings is 

'so 



4^/2 

-4iV2GVS^5,(/i+, h^) ) 4 - 4V2G<^(/i+ ) ) 4 

+4i^/2a'^'^''0e„/3a,(%,^O) ( ) 4 - 4V2<A(F+, F°) ( ) 4 



+ "jfcPCy. (B.2) 



In (B.l) and (B.2) the sgoldstino has not yet been integrated out. When this is done (by using (p = 



a number of further goldstino couplings will appear. 
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